PURPOSE. Pathological neovascularization is a crucial component of proliferative retinopathies. Previous studies showed that inactivation of A disintegrin and metalloproteinase 17 (ADAM17), a membrane-anchored metalloproteinase that regulates epidermal growth factor receptor (EGFR) signaling, reduces pathological retinal neovascularization in a mouse model of oxygen-induced retinopathy (OIR). Here, we tested how genetic inactivation of a physiological ADAM17 inhibitor, the tissue inhibitor of matrix metalloproteinases-3 (TIMP3), or intravitreal injection of TIMP3 or of the EGFR inhibitor erlotinib influenced the outcome of OIR.
RESULTS. Timp3À/À mice showed greater revascularization of the central avascular area and developed equal or fewer neovascular tufts compared to littermate controls, depending on the genetic background. Wild-type mice injected with TIMP3 or erlotinib developed fewer neovascular tufts when compared to untreated littermates. Moreover, vessel regrowth into the avascular area was reduced in TIMP3-injected mice, but not in erlotinib-injected mice.
CONCLUSIONS. These studies demonstrate that TIMP3 and erlotinib inhibit pathological neovascularization in the mouse retina, most likely due to inactivation of ADAM17 and the EGFR, respectively. Thus, TIMP3 and erlotinib emerge as attractive candidate antiangiogenic compounds for prevention and treatment of proliferative retinopathies. (Invest Ophthalmol Vis Sci. 2013;54:864-870) DOI:10.1167/iovs.12-10954 P athological neovascularization is a major cause of blindness and plays a critical role in the development of proliferative retinopathies such as retinopathy of prematurity, diabetic retinopathy, and exudative macular degeneration. [1] [2] [3] Therefore it is important to understand the mechanism underlying pathological neovascularization in order to identify new targets for treatment of these diseases. 4 Previous studies have shown that pathological neovascularization is reduced by inactivation of A disintegrin and metalloproteinase 17 (ADAM17), 5 a membrane-anchored metalloproteinase, which is critical for cleaving ligands of the epidermal growth factor receptor (EGFR) and regulating EGFR signaling. [6] [7] [8] The tissue inhibitor of metalloproteinases-3 (TIMP3) functions as a natural inhibitor of ADAM17 [9] [10] [11] [12] and therefore also blocks the release of ligands of the EGFR. 13, 14 TIMP3 is one of four members of the family of tissue inhibitors of matrix metalloproteinases (TIMPs) and is the only TIMP that can be immobilized in the extracellular matrix. 15 Mice lacking TIMP3 have no major spontaneous phenotypes, but they develop pathologies that can be explained by an increase in the activity of ADAM17, such as an enhanced inflammatory response with increased TNFa activity. [9] [10] [11] [12] TIMP3 also copurifies with ADAM17 16 and regulates angiogenesis in three-dimensional tissue culture assays. 17 Conditional inactivation of ADAM17 in endothelial cells prevents pathological retinal neovascularization and the growth of heterotopically injected tumors in mice. 5 Loss-of-function studies with Timp3À/À mice have shown that TIMP3 regulates choroidal neovascularization, 18 as well as VEGF-induced corneal neovascularization and laser-induced choroidal neovascularization, 19 and that delivery of TIMP3 by adeno-associated viral vectors ameliorates ischemia-induced neovascularization. 20 In addition, TIMP3 regulates angiogenesis by binding directly to the VEGF receptor 2 (VEGFR2). 21 Here, we addressed the role of TIMP3 in pathological retinal neovascularization following oxygeninduced retinopathy (OIR) by subjecting Timp3À/À mice to the OIR model and by testing how intravitreal injection of TIMP3 influenced neovascularization after OIR in wild-type mice. Additionally, since ADAM17 is a crucial regulator of EGFR signaling, we tested whether intravitreal injection of the EGFR inhibitor erlotinib (Tarceva) 22 affected neovascularization in the OIR model in wild-type mice. 
MATERIALS AND METHODS

Reagents
Mouse Lines
For experiments involving intraocular injection of TIMP3 or the EGFR inhibitor erlotinib, we used wild-type mice on a mixed genetic background (129/SvJ;C57Bl/6J). Littermates were used to compare eyes injected with inhibitor and carrier control. Timp3À/À mice on a 129/SvJ;C57Bl/6J background were kindly provided by Rama Khokha, PhD, 10, 23 and heterozygous littermates from matings of Timp3þ/À and Timp3À/À parents were used as a control. Moreover, we performed experiments with inbred Timp3À/À C57Bl/6J mice. For this purpose, the mixed-background Timp3À/À mice were backcrossed seven times with C57Bl/6J mice, and the resulting C57BL/6J Timp3À/À mice and wild-type littermate controls were used for OIR experiments.
Oxygen-Induced Retinopathy Mouse Model
In a standardized model of OIR, 1,24-26 newborn mice were exposed to 75% oxygen on postnatal day 7 (P7) for the duration of 5 days in a Plexiglas chamber connected to an oxygen controller (Pro-Ox, model 110; Reming Bioinstruments, Redfield, NY) along with their nursing mother. The exposure to high levels of oxygen leads to a regression of the vasculature in the central retina, resulting in a central avascular area. The relative hypoxia, when animals are returned to normoxic conditions (21% oxygen) after 5 days, triggers the production of vascular endothelial growth factor-A (VEGF-A), which increases the proliferative response in the retinal vasculature. This leads to a partial revascularization of the central avascular area and to the development of pathological neovascular tufts on the vitreal side of the internal limiting membrane. On P17, the mice were euthanized, and both eyes were harvested and fixed overnight in 4% paraformaldehyde (PFA). On the next day, the eyes were washed two times with 13 phosphatebuffered saline (PBS); then retinae were dissected, flat-mounted onto microscopic slides, and incubated for 3 hours with LBB (lectin blocking buffer; PBS, 1% BSA, 0.1% Triton X-100, 0.1 M glycine). Subsequently, retinae were incubated with 1:200 fluorescein-labeled isolectin B4 in 0.23 LBB overnight at 48C. On the next day, retinae were washed twice with PBS and were flat-mounted in fluorescent mounting medium (Dako, Carpenteria, CA). The samples were photographed using a Nikon Eclipse E600 fluorescent microscope (Nikon, Tokyo, Japan) with a 23 objective and a QImaging Retiga EXi camera (QImaging, Surrey, Canada). Images were processed with QCapture 2.68.04 software (QImaging), keeping the exposure and gain constant for all samples. The size of the avascular area and the total retina were measured using National Institutes of Health (NIH) ImageJ software (National Institutes of Health, Bethesda, MD) and Adobe Photoshop (Adobe Systems, Inc., San Jose, CA). Two litters of Timp3À/À and Timp3þ/À mixedbackground mice were sacrificed at the end of the oxygen treatment (P12), eyes were whole-mounted as described above, and the avascular area was measured. One eye per mouse was used for analysis. The magic wand tool in Adobe Photoshop (Adobe Systems, Inc.) was used to count the neovascular tufts per whole-mounted retina at P17 as previously described. 27 All experiments were approved by the Institutional Animal Care and Use Committee of the Hospital for Special Surgery and complied with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Intravitreal Injections
At P12 after OIR, the right eye of wild-type mice was injected intravitreally with 0.5 lL TIMP3 (35 lM) dissolved in PBS or with 0.5 lL erlotinib (20 lM) dissolved in DMSO (dimethyl sulfoxide) or with carrier control. These concentrations were chosen based on an estimated volume of the vitreous in a P12 mouse eye of approximately 5 lL, 28 such that a 10-fold dilution would result in a final 100-fold concentration over the half maximal inhibitory concentration (IC50) in cell-based assays for TIMP3 14 or for erlotinib (Selleck Chemicals). The left eye of each animal remained untreated, according to the approved IACUC protocol. Mice were anesthetized during the injections with a mix of ketamine (100 mg/kg) and xylazine (10 mg/kg) with an intraperitoneal dosage of 0.1 mL per 10 g body weight. During the intravitreal injection, mice were also anesthetized locally with proparacaine hydrochloride 0.5%, and ofloxacin was applied directly after the injection. The intravitreal injections were performed using a microinjecting system (UltraMicroPump III with Micro 4 Controller and NanoFil Syringe; World Precision Instruments, Inc., Sarasota, FL) and a 33-gauge needle (FlexiFil NanoFil beveled Needle 33 gauge; World Precision Instruments, Inc.) penetrating the sclera approximately 1 mm behind the limbus at the 2 o'clock position. To avoid reflux out of the injection site, the needle was retrieved very slowly. Wild-type mice were sacrificed at P17, and the injected eye was wholemounted as described above. A separately performed toxicity analysis of retina sections from erlotinib-or TIMP3-treated animals and DMSOor PBS-treated controls that were fixed in 4% PFA and stained with hematoxylin and eosin (H&E) showed no evidence of necrosis or inflammation in any of the samples (erlotinib/DMSO-treated samples: n ¼ 10, DMSO controls: n ¼ 8, TIMP3-treated animals: n ¼ 10, PBS-treated controls: n ¼ 9).
Statistical Analysis
All statistical analyses were performed using Prism 5 software (GraphPad Software, Inc., La Jolla, CA) and Excel (Microsoft, Inc., Redmond, WA). The Wilcoxon-Mann-Whitney test, a nonparametric analog to the independent samples t-test, was used for all comparisons, and a P value of <0.05 was considered statistically significant.
RESULTS
Oxygen-Induced Retinopathy in Timp3À/À Mice
To investigate how loss of TIMP3 function affects pathological neovascularization, we exposed Timp3À/Àmice of mixed genetic background (129/SvJ;C57Bl/6J) and control littermates to OIR. After 5 days in 75% oxygen, at P12, Timp3À/À mice had developed a central avascular area similar in size relative to the retina (n ¼ 9, 27.3 6 2.1%) to that of control littermates (n ¼ 4, 27.8 6 1.9%; P ¼ 0.94, Figs. 1a-c) . After the animals had been exposed to room air between P12 and P17, the revascularization of the avascular area was more pronounced in Timp3À/À mice than in controls, resulting in a smaller central avascular area (9.9 6 1.1%, n¼25) compared to control littermates (18.7 6 2.5%, n¼ 19, Figs. 1d-f, P 0.003). When we performed similar experiments with inbred C57BL/6J Timp3À/À mice and wildtype littermate controls, we also found a significant increase in the revascularization of the central avascular area at P17 in Timp3À/À mice (2.1 6 0.45%, n¼ 20) compared to controls (11.7 6 1.1%, n ¼ 28, P 0.001). The effect of inactivation of TIMP3 on the development of neovascular tufts in the retina depended on the genetic background, with comparable tuft development in the mixed-background Timp3À/À mice and controls (Figs. 1g-i , P ¼ 0.84) but decreased formation of neovascular tufts in C57Bl/6J Timp3À/Àmice (5.1 6 0.57%, n¼20) relative to controls (14.5 6 0.57%, n ¼ 28, P 0.001), perhaps because the increased perfusion of the central avascular area had a stronger effect on reducing tuft formation in this genetic background.
Intravitreal Injection of TIMP3 Inhibits Pathological Neovascularization
In order to assess whether intraocular application of TIMP3 could be used to reduce retinal neovascularization, wild-type FIGURE 1. Pathological retinal neovascularization in Timp3À/À mice and littermate controls following exposure to the OIR model. (a-c) Wholemounted retinas from mixed-background Timp3À/À mice and controls, stained with isolectin B4 FITC at postnatal day 12 (P12) after OIR, showed that the size of the central avascular area was similar in Timp3À/À mice compared to controls (Timp3À/À: 27.3% 6 2.1, n ¼ 9; controls: 27.8% 6 1.9, n ¼ 4). (d-f) Quantification of the size of the central avascular area in retinal flat mounts on P17 after OIR showed a significant increase in revascularization in Timp3À/À mice compared to controls (Timp3À/À: 9.9% 6 1.1, n ¼ 25; controls: 18.7% 6 2.5, n ¼ 19). (g-i) The percentage of the retinal surface covered by neovascular tufts did not differ between Timp3À/À mice and controls on a mixed genetic background (129/SvJ;C57Bl/ 6J; Timp3À/À: 8.9% 6 0.9, n ¼ 7; controls: 9.3% 6 0.8, n ¼ 9). White arrows represent neovascular tufts. **P < 0.01 in a nonparametric WilcoxonMann-Whitney test.
mice were injected intravitreally with TIMP3 or with carrier control at P12 after OIR. Five days after the injection (at P17), TIMP3-treated mice had a significantly larger avascular area compared to littermate controls (Figs. 2a-c, P 0.02). Furthermore, there were fewer neovascular tufts in the TIMP3-injected eyes compared to the carrier (DMSO)-injected eyes of littermate controls (Figs. 2d-f, P 0.03).
Intravitreal Injection of Erlotinib Prevents Development of Neovascular Tufts without Interfering with Revascularization of the Central Avascular Area
The ability of intravitreally injected TIMP3 to inhibit retinal neovascularization raised questions about whether these effects were caused by TIMP3-dependent changes in ADAM17/EGFR signaling 29, 30 or in VEGF-A/VEGFR2 signaling. 21 To test whether pharmacological inhibition of the EGFR decreases pathological retinal neovascularization, we injected the EGFR inhibitor erlotinib intravitreally in wild-type mice at P12 after OIR. We found that the avascular area in mice injected with erlotinib showed no significant difference when compared to carrier control, suggesting that the revascularization on P17 after OIR was not dependent on the EGFR pathway (Figs. 3a-c, P ¼ 0.96) . However, analysis of neovascular tufts in whole-mounted retinae stained with isolectin B4 showed a significant decrease in mice injected with erlotinib when compared to carrier control, suggesting that the EGFR is important for the development of neovascular tufts (Figs. 3d-f, P 0.03) .
DISCUSSION
The mouse model of OIR allows an assessment of the role of specific signaling pathways in the development of proliferative retinopathies, such as retinopathy of prematurity, diabetic retinopathy, and exudative macular degeneration. 1, [24] [25] [26] Previous studies had implicated the ADAM17/EGFR pathway in pathological retinal neovascularization. 5 The principal goals of the current study were to determine the role of TIMP3, a physiological regulator of ADAM17, [9] [10] [11] [12] in pathological retinal neovascularization using loss-and gain-of-function experiments, and to test the involvement of the EGF-receptor pathway in OIR via pharmacological inhibition of this receptor.
When we evaluated the role of TIMP3 in OIR using loss-offunction experiments, we found that Timp3À/À mice had developed an avascular area similar in size to that of littermate controls immediately after exposure to high oxygen at P12. This suggests that there is no significant difference in vascular regression in the retina between P5 and P12 in the absence of TIMP3. However, at P17, 5 days after OIR, Timp3À/À mice showed significantly increased revascularization of the central avascular area compared to controls, regardless of the genetic background. Interestingly, there was no difference in neovascular tuft formation in Timp3À/À mice compared to littermate controls on a mixed genetic background, whereas tuft formation was significantly reduced in inbred Timp3À/À mice (C57BL/6J). The results obtained with the C57BL/6J Timp3À/À mice are similar to those seen in Adam8À/À mice, 31 which had increased revascularization of the central avascular area following OIR but were protected from neovascular tuft formation. Perhaps a more rapid restoration of the central avascular area in Adam8À/À and in inbred Timp3À/À mice on the C57BL/6J background improves perfusion and oxygen delivery to the retina sufficiently to reduce the hypoxia and thus lower VEGF-A levels, thereby removing the stimulus for generation of neovascular tufts.
With respect to the gain-of-function experiments, intravitreal injection of TIMP3 in wild-type mice significantly reduced formation of neovascular tufts compared to controls. Thus, gain-of-function experiments with intravitreally injected TIMP3, which blocked the revascularization of the central avascular area after OIR, had an effect opposite to that in lossof-function experiments in Timp3À/À mice. Our results are also consistent with those recently reported by Ebrahem et al., 19 who found an increase in laser-induced choroidal neovascularization in Timp3À/À mice, suggesting that TIMP3 regulates different types of pathological neovascularization in the eye in a similar manner. TIMP3 is known to be upregulated in simplex retinitis pigmentosa in photoreceptor-retaining regions, and it is expressed in the RPE, 32,33 but it was not among the genes reported to be upregulated in a gene expression analysis during mouse OIR. 34 These findings suggest that constitutive expression of TIMP3 is sufficient to control the function of ADAM17 or the VEGFR or both under physiological conditions.
The intravitreally injected TIMP3 likely blocked tuft formation by reducing ADAM17 activity, which is known to be required for activating EGFR-dependent processes in development and disease. 6, 8, 11, [35] [36] [37] [38] Conditional knockout mice lacking ADAM17 in endothelial cells show decreased revascularization of the central avascular area 5 ; these results are therefore consistent with a model in which the lack of TIMP3 increases the activity of ADAM17, which in turn could increase revascularization, whereas injection of TIMP3 could prevent revascularization by blocking ADAM17. VEGF-A is highly upregulated in mouse OIR, [39] [40] [41] and previous studies have shown that VEGF-A/VEGFR2 signaling activates ADAM17 to promote crosstalk with the EGFR and stimulate migration of endothelial cells. 29, 30 Since the injection of TIMP3 might also affect the binding of VEGF-A to the VEGFR2, 21 injection of TIMP3 could interfere with pathological neovascularization by inhibiting two crucial components of this pathway, binding of VEGF-A to the VEGFR2 and the activation of ADAM17.
To directly assess the contribution of the EGFR pathway to pathological neovascularization, we injected the EGFR inhibitor erlotinib into the vitreous of wild-type mice subjected to OIR. We found that injection of erlotinib reduced formation of neovascular tufts, similar to findings in mice injected with TIMP3. However, we found no significant difference in the revascularization of the avascular area on P17 after OIR compared to that in carrier control-treated animals, although there was a trend toward slower revascularization of the dropout area. These results suggest that EGFR signaling is important for the development of neovascular tufts, whereas injection of TIMP3 blocks both tuft formation and the revascularization of the central avascular area. As noted above, it is possible that TIMP3 blocks revascularization more efficiently because it also directly blocks VEGFR2 signaling, 21 so the combined inhibition of the VEGFR2 and ADAM17 could have a stronger effect than the inhibition of the EGFR alone. However, these differences could also be caused by distinct pharmacokinetic properties of TIMP3, a recombinantly expressed protein, versus erlotinib, a small-molecule tyrosine kinase inhibitor. Further studies with conditional knockout mice for the EGFR in endothelial cells will help address this question.
In summary, mice lacking TIMP3 showed a faster revascularization of the avascular area after OIR whereas intravitreal injection of TIMP3 reduced the revascularization, and both TIMP3 and erlotinib reduced the development of neovascular tufts. These results suggest that erlotinib, which is already approved for treatment of small-cell lung cancer and other tumors, or TIMP3, or perhaps also other inhibitors of the ADAM17/EGFR signaling pathway, could provide novel opportunities for treatment of proliferative retinopathies.
